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group showed that chemical inhibition of MenG is detrimental to the growth of M. 97 tuberculosis, leading to the reduced oxygen consumption and ATP synthesis (Sukheja et 98 al., 2017) . In contrast, menJ is a dispensable gene in laboratory growth conditions: its 99 deletion in M. smegmatis and M. tuberculosis produces viable mutants that show no 100 significant changes in the growth rates (Upadhyay et al., 2015) . Detailed analysis of this 101 mutant revealed that the accumulation menaquinone-9 (MK-9) instead of MK-9 (II-H 2 ) 102 resulted in reduced electron transport efficiency. However, the mutant produced an 103 increased amount of MK-9 to compensate partially for the loss of the mature species, 104
indicating significant flexibility in meeting with the cellular needs of lipoquinones for 105 respiration. 106
Combining evidence for the important roles of these enzymes with the new 107
proteomic analysis suggesting that MenG and MenJ might be IMD-associated, we 108 examined if the membrane steps of menaquinone biosynthesis is compartmentalized 109
within the plasma membrane in M. smegmatis. In the present study, we directly 110 demonstrated that MenG and MenJ are associated with the IMD while MenA is 111 associated with the PM-CW. We further demonstrated that menG is an essential gene in 112 M. smegmatis. Interestingly, partial depletion of MenG was detrimental to the M. 113
smegmatis cells even though the cellular level of MK-9 and MK-9 (II-H 2 ) remained high, 114
implying a critical role of MenG in regulating menaquinone homeostasis in 115 mycobacterial plasma membrane. 116 117
Methods 118 119
Cell cultures 120 121
Mycobacterium smegmatis mc 2 155 was grown as before (Hayashi et al., 2016) at 122 30°C in Middlebrook 7H9 broth supplemented with 11 mM glucose, 14.5 mM NaCl, and 123 0.05% Tween-80, or at 37°C on Middlebrook 7H10 agar supplemented with 11 mM 124 glucose and 14.5 mM NaCl. When required, the medium was supplemented with 100 125 µg/ml hygromycin B (Wako), 50 µg/ml streptomycin sulfate (Fisher Scientific), 20 µg/ml 126 kanamycin sulfate (MP Biochemicals), or 5% sucrose. 127 128
Construction of plasmids 129 130
Plasmids used in this study are summarized in Table S1 . 131 pMUM040 -To create expression vector for MenA which is C-terminally tagged 132 with a hemagglutinin (HA) epitope, the gene was amplified by PCR (Table S2) using 133 primers carrying appropriate restriction enzyme sites. The product was digested with 134
BspEI and ligated to the vector backbone of pMUM038, which was linearized by 135
BspEI/SspI double-digestion. The pMUM038 vector is identical to pMUM011 (Hayashi 136 et al., 2016), a derivative of pVV16, but its sole NdeI site was removed by linearizing the 137 plasmid using NdeI, blunting using the T4 polymerase, and circularizing using a DNA 138 ligase. 139
pMUM042 -To create expression vector for MenG, which is C-terminally tagged 140
with an HA epitope, the PCR product (Table S2 ) was inserted by blunt-end ligation to the 141 vector backbone of pMUM012 (Hayashi et al., 2016) , linearized by EcoRV and ScaI. 142
This intermediate plasmid, pMUM039, was then double-digested with NdeI and ScaI, 143 and the fragment carrying menG gene was ligated into the linearized vector backbone of 144 pMUM040 digested with the same enzymes. 145 pMUM055 -To knockout the endogenous menG gene, we amplified upstream 146 and downstream regions of menG using the primers shown in Table S2 and digested with  147 Van91I and DraIII, respectively. The two fragments were then ligated into Van91I-148 digested pCOM1 as previously described (Hayashi et al., 2016) . The resulting plasmid, 149
pMUM055, was used for allelic exchange of menG in M. smegmatis via a two-step 150 recombination process as previously described (Hayashi et Log phase cells (OD 600 = 0.5-1.0) were pelleted, lysed by nitrogen cavitation, and 192
subjected to sucrose density fractionation as previously described (Hayashi et al., 2016 A starter culture of the dual-switch menG knockdown strain, grown in 224
Middlebrook 7H9 medium containing streptomycin and kanamycin, was inoculated into 225
fresh Middlebrook 7H9 medium with or without 100 ng/ml anhydrotetracycline (ATC) 226
and subsequently sub-cultured by 100-fold dilution every 24 h. One ml of each culture 227 was taken for OD 600 reading to monitor the growth, and colony formation unit (cfu) was 228 determined at the 72-h timepoint. As controls, we used M. smegmatis strains carrying 229
Tweety::tet On sspB Kan r alone. For menaquinone-4 (MK-4) supplementation, we prepared 230 80 mM MK-4 stock solution in dimethyl sulfoxide and slowly added to a culture to 231 achieve a final concentration of 400 µM, following a previously published protocol 232 (Dhiman et al., 2009 ). To analyze the protein depletion kinetics, western blot images 233
were recorded and quantified using ImageQuant LAS4000mini (GE Healthcare). 234
235
Mass spectrometric analysis of lipids 236 237
A previously reported comparative lipidomics dataset (reproduced in Fig. S2A ) 238 (Hayashi et al., 2016) was further analyzed for annotations of several menaquinone 239 species based on mass, which were subjected to validation by collision-induced 240 dissociation mass spectrometry. For targeted analysis of menaquinone, we grew the cells 241
in the presence and absence of ATC for 72 h, sub-culturing at every 24 h and harvested 242 cells at 72 h. Cells were lysed by nitrogen cavitation and the lipids were extracted from 243 the whole cell lysate. For lipid extraction, 500 µl of cell lysates were supplemented with 244 10 nmol of MK-4 (Millipore-Sigma) as an internal standard. Six ml ice-cold 0.2 M 245 perchloric acid in methanol was added along with 6 ml petroleum ether (preheated to 40-246 60 o C) as described previously (Bekker et al., 2007) . The mixture was vortexed and spun, 247 and the top organic layer was transferred to a new tube. The lower layer was extracted 248 again with 6 ml of petroleum ether and the organic extracts were combined. The 249
combined organic extract was washed once with 6 ml of water, and the final top organic 250
layer was transferred to a new tube, dried and resuspended in 100 µl 251 chloroform/methanol (1:1). To evaluate the extraction efficiency, we subjected 10 µl to 252 thin layer chromatography and orcinol/H 2 SO 4 staining for the detection of 253 phosphatidylinositol mannosides (Morita et al., 2004) . AcPIM2 bands were quantified 254
using Fiji (Schindelin et al., 2012) , and used to adjust the lipid concentration of each 255
sample.
256
The purified lipids were subjected to high-performance liquid chromatography 257
(HPLC)-tandem mass spectrometry (Orbitrap Fusion with higher energy collisional 258 dissociation (HCD) coupled with UltiMate 3000 HPLC system, Thermo Scientific), using 259
PC-HILIC column (Shiseido) with acetonitrile/water (95:5) with 10 mM ammonium 260 acetate (pH 8.0) as the mobile phase. The ESI was operated in a positive polarity mode, 261
with spray voltage of 2.8 kV and flow rate of 0.3 ml/min. The full scan range was 100 to 262 1,200 m/z and the data was recorded using Xcalibur 3.0.63 software package (Thermo 263
Scientific). For HCD, a quadrupole isolation mode was used with collision energy of 264 40±5% and data detected by Orbitrap (Thermo Scientific). The targeted m/z were defined 265 as 771.6075 for demethylmenaquinone-9 (DMK-9), 785.6231 for MK-9, 787.6388 for 266
MK-9 (II-H 2 ), and 445.3101 for MK-4. The detection efficiency of MK-9 relative to MK-267 4 was determined using 20 pmol of commercially available MK-9 (Santa Cruz 268 biotechnology) and MK-4 (Millipore-Sigma). 269
Oxygen consumption 270 271
The effect of MenG depletion on oxygen consumption was evaluated by 272 methylene blue decolorization. One OD unit of each culture from the 72-h time-point was 273
harvested, resuspended in 2 ml of Middlebrook 7H9, and supplemented with 0.001% 274 methylene blue (Ricca). In sealed cuvettes, oxygen consumption was monitored by 275 absorbance at 665 nm.
277
Measurement of cellular ATP levels 278 279
The dual-switch menG knockdown strain was incubated in the presence and 280 absence of ATC for 72 h, sub-culturing at every 24 h, as described above. Intracellular 281 ATP was determined by BacTiter Glo microbial cell viability assay (Promega), following 282 manufacturer's instruction.
284
Results 285 286
The maturation of MK-9 takes place in the IMD 287 288
The three final steps on MK-9 biosynthesis are catalyzed by the enzymes MenA, 289
MenG and MenJ (Fig. 1A ). MenA is a protein with multiple predicted membrane 290
spanning domains ( Fig. 1B) . MenG and MenJ have no predicted transmembrane 291 domains, so the patterns and specific mechanisms of membrane association of these 292 proteins might vary. Previously, we showed by comparative proteomics that peptide 293 fragments corresponding to known MenG and MenJ sequences were recovered at higher 294 level in the IMD than in the conventional plasma membrane (PM-CW) ( to the membrane surface. However, our proteomic analysis did not examine the 297 cytoplasmic fraction, and therefore cannot exclude the possibility that these proteins 298
reside also in the cytoplasm.
299
To determine the subcellular localization of these three enzymes based on direct 300 detection of intact proteins in all three compartments, we expressed MenA-HA (expected 301 molecular weight, 29 kDa), MenG-HA (25 kDa) and MenJ-HA (44 kDa) individually at 302 the site-specific integration site of mycobacteriophage L5 in M. smegmatis, and 303
confirmed that all three proteins were expressed at the expected molecular weight ( Fig.  304 S1). We then performed sucrose density gradient fractionation of each strain, and 305
determined the subcellular localization of these enzymes within the gradient. PimB' and 306
MptA are the protein markers for the IMD and PM-CW, respectively, and MenA-HA was 307 enriched in the fractions corresponding to the PM-CW together with MptA ( Fig. 2A) . In 308 contrast, MenG and MenJ were enriched in the IMD ( Fig. 2B was found in the cytoplasmic fraction, indicating that these two proteins are stably 312 associated with the IMD. 313
To determine the subcellular localization of MenG in live bacteria, we next 314
introduced an MenG-mTurquoise-HA expression vector, and expressed the fluorescent 315 fusion protein in a previously established M. smegmatis strain expressing HA-mCherry-316
GlfT2 from the endogenous glfT2 locus. GlfT2 is a galactosyltransferase involved in the 317 arabinogalactan precursor synthesis, and is an IMD-associated protein (Hayashi et al., 318 2016). We first confirmed by sucrose density gradient that MenG-mTurquoise-HA co-319
fractionates with HA-mCherry-GlfT2 and PimB' (Fig. 3A ), but not with the PM-CW 320 marker, MptA. The expected molecular weight of HA-mCherry-GlfT2 and MenG-321 mTurquoise-HA are 100 and 50 kDa, respectively, allowing separate detection of these 322
two HA-tagged proteins in a single western blot. This result also revealed the relatively 323 lower expression level of MenG-mTurquoise-HA in comparison to HA-mCherry-GlfT2, 324
even though the expression of MenG is driven by a strong promoter. Consistent with the 325 apparently lower MenG expression in cellular extracts, we also observed a much weaker 326 level of fluorescence from mTurquoise by fluorescence microscopy live imaging ( Fig.  327  3B) . Although the weak fluorescence and a higher background due to autofluorescence 328 (Patiño et al., 2008)( Fig. 3C ) made the image analysis difficult, we were able to observe 329 the polar enrichment of MenG-mTurquoise-HA, which correlated with the polar 330 enrichment of HA-mCherry-GlfT2 (Fig. 3B ).
331
To determine if any menaquinone species are enriched in the IMD, we analyzed a 332
comparative HPLC time-of-flight (TOF) mass spectrometry-derived lipidomic dataset 333 comprised of 11,079 separately detected molecular events (Hayashi et al., 2016) . This 334 method was previously validated to extract hydrophobic molecules, including DMK-9 and MK-9 in their reduced and non-reduced forms. While DMK-9 was equally 343 present in both sites, the MK-9 species were overexpressed in IMD to varying degrees 344
( Fig. S2A-B ). The identity of both MK-9 (II-H 2 ) and MK-9 were confirmed by collision-345
induced dissociation mass spectrometry (Fig. S2C) , showing that they are in the ketone 346
form with a reduced double bond in the nonaprenyl lipid moiety of MK-9 (II-H 2 ). Taken 347 together, these data suggest that 1) MenA produces DMK-9 in the PM-CW; 2) DMK-9 348
relocates from the PM-CW to the IMD; 3) MenG methylates DMK-9 to generate MK-9 349 in the IMD; and 4) MenJ reduces the prenyl lipid of MK-9 to form the mature molecule, 350
MK-9 (II-H 2 ), in the IMD (Fig. 4) . For MK-9 (II-H 2 ) to function as an electron carrier, it 351 may then have to relocate back to the PM-CW because the respiratory chain enzymes are 352 found in the PM-CW (Hayashi et al., 2016) .
354
The menG gene is essential in M. smegmatis 355 356
The intricate spatial segregation of biosynthetic enzymes suggests that 357 menaquinone biosynthesis may be a highly regulated process. To begin delineating the function of MenG, we first attempted to knock out menG 366 by a markerless deletion using a plasmid that carries sacB gene as a negative selection 367 marker and hygromycin resistance gene as a positive selection marker (Hayashi et al., 368 2016) ( Fig. S3A) . We confirmed the establishment of a single-crossover mutant that is 369 sensitive to sucrose (due to sacB gene) and resistant to hygromycin. We then grew the 370 single-crossover mutant in nonselective medium to allow the second crossover event, and 371 isolated 17 colonies that are resistant to sucrose and sensitive to hygromycin. When we 372
analyzed these double-crossover candidates, they were all found to be wild-type 373 revertants and no candidate had the menG deletion (data not shown). These initial 374 observations suggested that menG is an essential gene.
375
To test this further, we created a merodiploid strain of the single-crossover 376 mutant, in which a menG expression vector with a streptomycin resistance marker 377 (pMUM042) was inserted at the L5 integration site (Fig. S3A ). We successfully isolated 378 double-crossover mutants from the merodiploid single-crossover strain, as confirmed by 379
PCR of the endogenous menG gene locus (Fig. S3B ). Using the double-crossover mutant, 380
we attempted to swap the menG expression vector, pMUM042, carrying streptomycin 381 resistance marker with another L5-integrative menG expression vector, pMUM098, 382 carrying kanamycin resistance marker or with an empty vector, pMUM087, carrying 383 kanamycin resistance marker as a control. When pMUM098 was used, 240 colonies were 384 obtained ( Fig. S4 ). We patched 78 colonies on Middlebrook 7H10 medium containing 385 either streptomycin or kanamycin, and found that all 78 colonies were sensitive to 386 streptomycin and resistant to kanamycin, suggesting that pMUM042 was swapped with 387 pMUM098. In contrast, when the empty vector pMUM087 was used, only 3 colonies 388
were obtained and they were all resistant to both kanamycin and streptomycin, suggesting 389 that the cells could not lose pMUM042 carrying menG gene. Using a newly established 390
kanamycin-resistant strain carrying pMUM098, we attempted to swap back using 391 streptomycin-resistant pMUM042. Again, we were able to isolate 20 colonies using 392 pMUM042, but no legitimate swapping occurred using the empty vector, pMUM038 393 (Fig. S4 ). Taken together, these data strongly support that menG is an essential gene. OD 600 reading for the treated cells became significantly lower after 3 rounds of sub-407 culturing (Fig. 5B ). The cfu for untreated and ATC-treated cultures were 1.8 x 10 7 and 408 5.2 x 10 6 cfu/ml, respectively, comparable to the OD measurements, suggesting MenG 409 depletion is bacteriostatic rather than bactericidal. We examined the protein level of 410
MenG over the time course, and found that total protein fell to ~76% of the level found in 411 untreated cells by 48 h (Fig. 5C ). This moderate suppression of MenG continued even at 412 the 72 h time point, where the MenG protein was reduced further to the ~35% of the level 413 found in untreated cells (Fig. 5C ). The relatively mild MenG depletion made us wonder if 414
the lack of growth is due to the depletion of menaquinone. In M. tuberculosis, the growth 415 arrest by the MenG inhibitor was rescued by the addition of MK-4 as a surrogate 416 menaquinone (Sukheja et al., 2017) . Therefore, we added MK-4 to see if exogenously 417 added menaquinone can rescue the growth of the mutant in the presence of ATC. As 418 shown in Fig. S5 , MK-4 supplementation was unable to rescue the growth of the ATC-419 treated cells, suggesting that the growth defect of the mutant might not be due to the 420 depletion of menaquinone. 421
To evaluate the impact of MenG depletion on cellular menaquinone levels, we 422 took the 72-h time point, and performed HPLC tandem mass spectrometry analysis on the 423 lipid extracts from crude lysates. We confirmed the identity of MK-9 (m/z 785.6231), 424
MK-9 (II-H 2 ) (787.6388), and DMK-9 (771.6075) by fragmentation (Fig. S6) , and 425
quantified the levels of each species relative to the internal standard MK-4 (m/z 426 445.3101).
427
As expected, we saw a significant increase in the DMK-9 levels when cells were 428 treated with ATC ( Fig. 6A) . Surprisingly, the levels of MK-9 and MK-9 (II-H 2 ) were not 429 significantly different between the untreated and MenG-depleted strains (Fig. 6B-C) . 430
These data support the idea that the partial depletion of MenG leads to the accumulation 431 of the MenG substrate, DMK-9, immediately impacting cellular metabolic activities prior 432
to affecting the cellular levels of MK-9 and MK-9 (II-H 2 ). 433 434 435 436
Impact of MenG depletion on respiration and cellular ATP levels 437 438
Because MenG depletion appears to have no immediate effect on the levels of 439
MK-9 and MK-9 (II-H 2 ), we examined if cellular respiration is affected upon MenG 440
depletion. Cells were grown as previously for 72 h with sub-culturing at every 24 h, and 441
aliquots of cell suspension was tested for O 2 consumption using the decolorization of 442 methylene blue. We found that the untreated (ATC-) cells rapidly depleted the O 2 from 443 the media, but the treated (ATC+) cells consumed very little O 2 during the same period 444 ( Fig. 7A ), suggesting that respiration in the ATC+ cells is significantly reduced even 445 though these cells are viable as indicated above by the cfu.
446
The severe reduction in the rate of aerobic respiration suggested an impact on the 447 central metabolism. We next examined the cellular level of ATP when the cells were 448 treated with ATC during the third sub-culturing from the 48-h time point to the 72-h time 449
point. We found that the MenG-depleted (ATC+) cells accumulated ~3 times more ATP 450
that the untreated (ATC-) cells (Fig. 7B ). This was not due to the SspB expression 451 because a control cell line, which only expresses SspB upon ATC addition, did not show 452
any changes in cellular ATP levels (Fig. S7) . These data are consistent with the idea that 453
MenG depletion resulted in the reduction of the cellular metabolism, and the lack of 454 energy consumption resulted in the accumulation of ATP. 455 456
Discussion 457 458
The IMD is a metabolically active membrane domain that mediates many distinct 459 biosynthetic pathways. In this study, we demonstrated that the final maturation steps of 460 the menaquinone biosynthesis take place in the IMD, and MenG, one of the IMD-461 associated enzymes, is essential for the growth of M. smegmatis. The IMD association of 462
MenG is supported by three lines of evidence gathered in vitro and in live cells. First, 463 proteomic analysis indicated that MenG is more enriched in the IMD than in the PM-CW 464 (Hayashi et al. 2016 ). Second, epitope-tagged MenG was biochemically localized to the 465 IMD by density gradient fractionation. Although we cannot completely rule out the 466 possibility that the HA epitope tag interferes with the subcellular localization, the IMD 467 localization of the fusion protein was consistent with the proteomic identification of the 468 endogenous protein in the IMD as mentioned above. Finally, fluorescent protein-tagged 469
MenG showed colocalization with a known IMD marker at polar regions of actively 470
growing cells by fluorescence microscopy. Combined with the IMD localization of 471 epitope-tagged MenJ, we suggest that menaquinone species, MK-9 and MK-9 (II-H 2 ), are 472 produced in the IMD. Indeed, the comparative lipidomic analysis suggested that MK-9 473
(II-H 2 ) as well as MK-9 are relatively enriched in the IMD, but overall do not show the 474 high levels of segregation as seen for the proteins that act on them. These observations 475
suggest cellular regulation of the enzymes with substrates diffusing between both sites. 476
Do menaquinones have a functional role in the IMD or is it merely produced 477
there? We propose that menaquinones function as an electron carrier for some IMD-478 associated enzymes. For example, we have previously shown that the dihydroorotate 479
dehydrogenase PyrD, an enzyme involved in pyrimidine biosynthesis, is an IMD- which utilize quinones instead of NADH as an electron acceptor. Therefore, de novo 483 synthesized menaquinones are locally available to support the IMD-resident PyrD 484 reaction. 485
Nevertheless, a major fraction of menaquinones must also be available for 486 cytochromes in the respiratory chain. Our comparative proteomic analysis suggested that menaquinones produced in the IMD may be relocated to the PM-CW to support cellular 495 respiration. Whether menaquinones diffuse through different membrane areas or require a 496 transport mechanism remains an important question to be addressed in the future. 497
Several independent lines of experimental evidence clearly indicated that MenG is 498 an essential protein in M. smegmatis. In the dual-switch knockdown system, the depletion 499
of MenG protein was only partial even after three consecutive 24-h subcultures. We do 500
not know why this mutant shows this unusual protein depletion kinetics, but speculate 501 that the protein degradation is not efficient and MenG might have a prolonged half-life. 502
Nevertheless, this mild MenG depletion led to the growth arrest. Why is this mild MenG 503 depletion detrimental to M. smegmatis? Indeed, MK-9 is still abundantly present after 504 three 24-h subcultures with ATC induction. The MenG substrate, DMK-9, however, 505
showed a significantly increase in the treated population. We speculate that MenG might 506 play a key regulatory role in the IMD, and the disruption of the balance between MK-9 507 and DMK-9 by its partial depletion could induce metabolic shutdown and the cessation of 508 growth. 509
In M. tuberculosis, a recent study demonstrated that MenG is an effective drug 510 target, and its inhibition led to the reduced oxygen consumption and ATP production. 511
Our data in M. smegmatis is consistent with the previous findings in M. tuberculosis in 512
that MenG is an essential protein, but also illuminate some important differences. First, 513
we could not rescue the MenG depletion by the addition of MK-4, while exogenously 514
supplemented MK-4 was apparently incorporated into the plasma membrane to function 515
as a surrogate electron carrier in M. tuberculosis in the presence of MenG inhibitor 516 (Sukheja et al., 2017) . Second, MenG depletion in M. smegmatis did not lead to the 517 reduction in ATP production. These differences could possibly be attributed to the 518 differing chemical versus genetic methods of perturbation used in the two studies. 519
Importantly, DMK, which accumulates upon MenG perturbation, is a fully functional 520 electron carrier in Escherichia coli (Sharma et al., 2012; Unden and Bongaerts, 1997 ; van 521
Beilen and Hellingwerf, 2016), implying that the physiological importance of the MenG-522 mediated methylation of the DMK aromatic ring in mycobacteria is not merely a matter 523 of the mid-point electron potential of quinones as electron carriers. 524
Why does ATP accumulate during MenG depletion? In many other bacteria, when 525 proton gradient formation is compromised, ATP synthase can be reversed to hydrolyze 526
ATP and used to reestablish the proton gradient (Ballmoos et al., 2009 ). In mycobacteria, 527
on the other hand, such reverse action of ATP synthetase is blocked and cannot be used 528
to energize the membrane (Haagsma et al., 2010) . Therefore, even when the cells are 529 exposed to hypoxic conditions and cannot create a sufficient level of proton motive force, 530 the accumulating ATP in the cell might not be utilized for energizing the membrane. 531
MenG expression is upregulated in response to the depletion of S-532 adenosylmethionine, indicating one example of transcriptional regulations of menG gene 533 in response to changing metabolic state of the cell (Berney et al., 2015) . We speculate 534
that MenG depletion might be mimicking an adaptive response to an environmental 535 change, leading the cells to stop aerobic respiration and consumption of ATP. In addition, 536
we cannot rule out the possibility that the cells start using an alternative electron acceptor 537 instead of oxygen. Such an adaptive response is known in E. coli ( showed that a partial depletion of MenG leads to the accumulation of DMK-9 without 554 significant changes in the MK-9 pool. We speculate that this imbalance of DMK-9 and 555 image acquisition setting as in panel B. Scale bar = 5 µm. All experiments were done 737 more than twice and representative data are shown. 738 739 Figure 4 . Proposed spatial compartmentalization of MK-9 biosynthetic pathway. DMK-9 740
is formed in the PM-CW by the prenyltransferase MenA. DMK-9 traffics to the IMD and 741 modified by MenG and MenJ, forming MK-9 and MK-9 (II-H 2 ), respectively. The 742 mature molecule can then be transferred to the PM-CW to serve as an electron carrier. 743
The red line in the polyprenol moiety of MK-9 (II-H 2 ) indicates the saturation of the 744 second isoprene unit mediated by MenJ. SAM, S-adenosylmethionine. 
